1. Introduction {#sec1}
===============

The abuse of methamphetamine (METH) results in a number of serious public health problems owing to its strongly addictive nature and potent neurotoxicity \[[@B1]\]. Despite the urgent need for---and the great effort to develop---medical interventions for the prevention of METH abuse, to date no medications have been approved by the US Food and Drug Administration for the treatment of METH addiction \[[@B2]\].

The rewarding effects of an abused drug, such as METH, are a key motivational factor that sustains an individual\'s addiction to that drug. In animal research, the rewarding effects of drugs are typically manifested as two measurable behaviors: behavioral sensitization and conditioned place preference (CPP; \[[@B3]\]), and the mitigation of these two behavioral phenotypes is potentially considered identical to addiction reduction therapies. Indeed, agents with antiaddiction properties, such as naltrexone and acamprosate, inhibit the development of behavioral sensitization and CPP following repeated exposure to abused drugs in rodent models \[[@B4], [@B5]\].

It is commonly agreed that all addictive drugs, including METH, increase dopamine (DA) release in the nucleus accumbens (Nacc) and that this increase is responsible for the rewarding effects of drugs \[[@B6]\]. Although several types of neurons are located in the Nacc, GABAergic medium spiny projection neurons are dominant among the neuronal population \[[@B7]\], and the role of DA in this region is to inhibit these neurons \[[@B8]\]. Moreover, GABAergic interneurons in the ventral tegmental area (VTA) inhibit mesolimbic dopaminergic neurons via the activation of GABAb receptors, which act as an important mechanism underlying regulation of the dopaminergic neuronal firing rate \[[@B9]\]. Thus, it is apparent that mesolimbic GABAergic neurons are critically important during the development and mediation of drug addiction. Consistent with this notion, both clinical and preclinical studies have demonstrated that the selective GABAb receptor agonist baclofen effectively treats psychostimulant addiction \[[@B10]\].

Radix*of Glycyrrhizae uralensis* (*Glycyrrhizae Radix*,*G. radix*), an important tonic used in traditional oriental medicine for the replenishment and invigoration of deficient Qi and blood, is widely recommended for its life-enhancing properties, ability to treat various injuries and swelling, and role in detoxification \[[@B11]\]. Historically, most pharmacological studies investigating*G. radix* have focused on its anti-inflammatory and antioxidative actions \[[@B12], [@B13]\], but over the past decade, several reports have emphasized the neuropharmacological properties of*G. radix*. For example, Gruenwald \[[@B14]\] reported that extracts from*G. radix* exert sedative, analgesic, and anticonvulsant effects, and Shishkina et al. \[[@B15]\] showed that glycyrrhizic acid produces anxiolytic effects in rats via an increase in brain monoamine levels. Moreover, previous studies from our laboratory have demonstrated that an extract derived from*G. radix* suppresses cocaine-induced accumbal DA release via action on GABAb receptors \[[@B16]\] and prevents METH-induced hyperlocomotion in rats by inhibiting accumbal DA production \[[@B17]\].

Based on the views that dopaminergic and GABAergic neurons play a critical role in METH addiction and that agents with neuroprotective properties may treat this addiction, the current study evaluated the possible therapeutic effects of methanol extract from*G. radix* (MEGR) on METH addiction in rats using locomotor sensitization and CPP.

2. Materials and Methods {#sec2}
========================

2.1. MEGR Preparation {#sec2.1}
---------------------

*G. radix* was purchased from Daewon Pharmacy (Daegu, Republic of Korea), and its identity and composition were confirmed by Professor Sang Chan Kim of the College of Oriental Medicine at Daegu Haany University in Korea. The MEGR was prepared by extracting 100 g powdered*G. radix* in 2 L methanol for 48 h, filtering the MEGR through a 0.2 *μ*m filter (Nalgene; NY, USA), and lyophilizing it in a vacuum evaporator. The MEGR was stored at −20°C until use. The amount of MEGR was estimated based on the dry weight of the lyophilized MEGR; the yield of the lyophilized MEGR was 18.36%. A high-performance liquid chromatography (HPLC) fingerprint of MEGR was developed following its dissolution in methanol ([Figure 1](#fig1){ref-type="fig"}); the lyophilized powder contained 357.10 ppM glycyrrhizic acid, 141.17 ppM liquiritigenin, and 41.01 ppM isoliquiritigenin. The standards for glycyrrhizic acid, liquiritigenin, and isoliquiritigenin were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Animals {#sec2.2}
------------

Male Sprague-Dawley rats (280--300 g) were obtained from Hyochang Science (Daegu, Korea) and acclimatized for 1 week prior to all experimental procedures. All rats were housed three per cage, provided with commercial rat chow (Purina; Seoul, Korea) and water*ad libitum*, and maintained in a filtered pathogen-free air environment between 21 and 23°C, at 50% relative humidity, and under a 12 h light/dark cycle. All experiments were conducted between 09:00 and 16:00 under standard conditions with controlled temperature, dim lighting, and low noise. All experimental procedures were conducted in accordance with the National Institutes of Health guidelines concerning the care and use of laboratory animals and were approved by the Animal Care and Use Committee of Daegu Haany University.

2.3. Locomotor Activity Test {#sec2.3}
----------------------------

Locomotor activity was assessed in a rectangular box (40 × 40 × 45 cm^3^) with floor and walls made of clear Plexiglas and painted black. The chamber was equipped with a video camera above the center of the floor, and all locomotor activity was monitored by a video tracking system using the Ethovision program (Noldus Information Technology BV; Wageningen, The Netherlands).

2.4. CPP Apparatus {#sec2.4}
------------------

The CPP apparatus was purchased from San Diego Ins (San Diego Instruments, San Diego, CA, USA) and consisted of three rectangular chambers separated by guillotine doors \[[@B18]\]. The center chamber (16 × 21 × 33 cm^3^) was connected by two end chambers that were identical in size (26 × 21 × 33 cm^3^) but distinguished by wall color and floor texture: one end chamber had black walls and a smooth floor (Chamber A), while the other had white walls and a textured floor (Chamber B). In the experimental condition, the rats showed a significant spontaneous preference for Chamber A, and thus a biased procedure was employed in which Chamber B was used as the METH-paired compartment. Animal movement and the time spent in each chamber were automatically recorded by a computer.

2.5. METH-Induced Locomotor Sensitization and Drug Treatment {#sec2.5}
------------------------------------------------------------

All rats were administered intraperitoneal (i.p.) saline (1 mL/kg) or METH (obtained from the Korean Food and Drug Administration; 1 mg/kg, dissolved in saline) in their home cages for 6 consecutive days before undergoing 6 days of withdrawal. During the withdrawal period, the rats were orally administered distilled water (DW) or MEGR (60 or 180 mg/kg/day, dissolved in DW) once a day. Immediately after the final dose of DW or MEGR, the rats were adapted to the locomotor testing boxes for 60 min and then challenged with either METH (1 mg/kg) or saline. Following the challenge, the rats stayed in the boxes for an additional 60 min during which locomotor activity was assessed ([Figure 2(a)](#fig2){ref-type="fig"}) \[[@B19]\]. Additionally, to evaluate the possible involvement of GABAb receptors in MEGR-influenced expression of METH-induced locomotor sensitization, the selective GABAb receptor antagonist SCH50911 (3 mg/kg, dissolved in 5% Tween-80; Tocris Bioscience; Ellisville, MO, USA) was administered (i.p.) to the rats 10 min prior to MEGR treatment on the METH challenge day.

2.6. METH-Induced CPP and Drug Treatment {#sec2.6}
----------------------------------------

The CPP experiment consisted of three distinct phases: preconditioning (days 1 and 2), conditioning (days 3--8), and testing (day 9; [Figure 2(b)](#fig2){ref-type="fig"}). On day 1 of the preconditioning phase, each rat was placed in the center chamber of the CPP apparatus with the doors open and was allowed to freely explore both end chambers for 20 min. On day 2, the time spent in each chamber was recorded, and the chamber in which the rat spent more time was appointed as the preferred chamber (Chamber A) and the other chamber as the nonpreferred chamber (Chamber B). On days 3, 5, and 7 of the conditioning phase (acquisition phase), the rats were injected with METH (1 mg/kg) and confined to Chamber B for 60 min. On days 4, 6, and 8, the rats were administered saline and confined to Chamber A for 60 min. On day 9, for the testing phase (expression phase), each rat was again placed in the central chamber with the doors open, and the time spent in each end chamber was recorded for 20 min ([Figure 2(b)](#fig2){ref-type="fig"}). The change in place preference was calculated as follows: $$\begin{matrix}
{\text{Change}{\,\,}\text{in}{\,\,}\text{place}{\,\,}\text{preference}{\,\,}\left( {\Delta\text{second}} \right):\text{Time}_{\text{testing}{\,\,}\text{phase}}} \\
{\quad\quad - \text{Time}_{\text{pre-conditioning}{\,\,}\text{phase}}\quad\left( {\text{in}{\,\,}\text{Chamber}{\,\,}\text{B}} \right).} \\
\end{matrix}$$

To evaluate whether MEGR inhibited the development and expression of METH-induced CPP, 180 mg/kg MEGR was administered to one cohort of rats 60 min prior to each METH administration during the conditioning phase or prior to the beginning of the testing phase. Additionally, SCH50911 (3 mg/kg) was administered to another set of rats 10 min prior to MEGR treatment on the testing day to examine the possible involvement of GABAb receptors in the MEGR-influenced expression of METH-induced CPP.

2.7. Statistical Analysis {#sec2.7}
-------------------------

All data were expressed as means ± standard errors of the mean (SEM) and analyzed by one-way analysis of variance (ANOVA) with a Newman-Keuls multiple comparison test or by a paired *t*-test (two groups) using the commercially available software GraphPad Prizm 5.0 (GraphPad Software; San Diego, CA, USA). A *P* value \< 0.05 was considered statistically significant.

3. Results {#sec3}
==========

3.1. Effects of MEGR on METH-Induced Locomotor Sensitization {#sec3.1}
------------------------------------------------------------

On the sixth day after the final dose of METH, a METH challenge produced a significantly larger increase in locomotor activity in METH-pretreated rats compared with saline-pretreated rats or rats that received only a challenge dose of METH (*F*(6,42) = 10.25, *P* \< 0.0001; METH/DW/METH group (*n* = 7) versus saline/DW/METH group (*n* = 7), *q* = 5.69, *P* \< 0.01; METH/DW/METH group versus METH group (*n* = 7), *q* = 5.45, *P* \< 0.01). These data indicate that repeated exposure to METH induced the expression of locomotor sensitization. However, post hoc comparisons revealed that 60 and 180 mg/kg of MEGR significantly inhibited locomotor hypersensitivity (METH/DW/METH group versus METH/MEGR60/METH group (*n* = 7), *q* = 3.67, *P* \< 0.05; METH/DW/METH group versus METH/MEGR180/METH group (*n* = 7), *q* = 7.63, *P* \< 0.01) in a dose-dependent manner (METH/MEGR60/METH group versus METH/MEGR180/METH group, *q* = 3.97, *P* \< 0.05). Post hoc comparisons also revealed that the inhibitory effects of 180 mg/kg of MEGR were blocked by pretreatment with SCH50911 (METH/MEGR180/METH group versus METH/SCH50911/MEGR180/METH group (*n* = 7), *q* = 7.35, *P* \< 0.01). Pretreatment with SCH50911 alone, however, did not influence the expression of METH-induced locomotor sensitization, which indicates that the inhibitory effects of SCH50911 acted specifically against the effects of MEGR ([Figure 3](#fig3){ref-type="fig"}).

*G. radix* possesses sedative effects \[[@B14]\], and agents with sedative pharmacological actions inhibit spontaneous motor activity \[[@B20]\]. Thus, in an additional experiment, the effects of MEGR on locomotor activity were evaluated in rats receiving either a single injection or repeated injections of saline (in their home cages) on the same time schedule as the METH-induced locomotor sensitization paradigm. The administration of MEGR (180 mg/kg/day) over 6 days did not have an effect on the single saline-treated or the repeated saline-treated rats (data not shown). Additionally, there was no difference in locomotor activity between the single saline-treated rats and the repeated saline-treated rats (data not shown), indicating no development of locomotor sensitization in response to repeated saline injections in this procedure.

3.2. Effects of MEGR on the Development and Expression of METH-Induced CPP {#sec3.2}
--------------------------------------------------------------------------

The expression of locomotor sensitization following repeated exposure to METH was almost completely blocked by 180 mg/kg of MEGR. Thus, the same dose was used to examine the effects of MEGR on METH-induced CPP.

In the preconditioning phase, the rats showed a spontaneous preference for Chamber A (black walls and a smooth floor) over Chamber B (white walls and a textured floor), such that the mean time spent in Chamber A was 861.24 ± 43.76 s (*n* = 12), and the mean time spent in Chamber B was 214.87 ± 25.31 s (*n* = 12; *t* = 9.53, *P* \< 0.0001, a paired *t*-test). Therefore, METH was administered while the rats were in Chamber B. One-way ANOVA and post hoc comparisons revealed that the rats receiving three pairings of METH (1 mg/kg, i.p.) with the naturally nonpreferred Chamber B spent a significantly greater amount of time in the METH-paired chamber compared with the saline-treated control group (*F*(3,24) = 18.92, *P* \< 0.0001; saline/DW group (*n* = 7) versus METH/DW group (*n* = 7), *q* = 9.06, *P* \< 0.001), indicating that METH-induced CPP was established. However, 180 mg/kg/day of MEGR given 60 min prior to every METH administration during the conditioning phase almost completely inhibited the development of METH-induced CPP (METH/DW group versus METH/MEGR180 group (*n* = 7), *q* = 6.83, *P* \< 0.001), which demonstrates the deterrent effects of MEGR on the development of METH-induced CPP. Post hoc comparisons also revealed that MEGR treatment did not produce a place preference or aversion by itself ([Figure 4](#fig4){ref-type="fig"}).

Similarly, in the experiment evaluating the effect of MEGR on the expression of METH-induced CPP, a single administration of MEGR (180 mg/kg) 60 min prior to the testing phase significantly decreased the time the rats spent in the METH-paired chamber (*F*(4,30) = 15.31, *P* \< 0.0001; saline/DW group (*n* = 7) versus METH/DW group (*n* = 7), *q* = 8.92, *P* \< 0.001; METH/DW group versus METH/MEGR180 group (*n* = 7), *q* = 6.42, *P* \< 0.001). These data demonstrate the inhibitory effects of MEGR on the expression of METH-induced CPP. However, prior treatment with SCH50911 (3 mg/kg) did not block these inhibitory effects of MEGR (180 mg/kg) (METH/DW group versus METH/SCH50911/MEGR180 group (*n* = 7), *q* = 5.86, *P* \< 0.001), and SCH50911 treatment alone did not influence the expression of METH-induced CPP ([Figure 5](#fig5){ref-type="fig"}).

4. Discussion {#sec4}
=============

Previous studies from our laboratory have demonstrated that MEGR and isoliquiritigenin suppress acute cocaine-induced accumbal DA release via GABAb receptors \[[@B16]\] and prevent acute METH-induced hyperlocomotion by inhibiting accumbal DA synthesis \[[@B17]\]. In the present study, we extended these findings, demonstrating that MEGR (60 or 180 mg/kg/day) dose-dependently inhibited repeated METH-induced locomotor sensitization, with nearly complete abolishment of sensitization induced by the 180 mg/kg dose. Moreover, this dose attenuated both the development and expression of METH-induced CCP effectively. In addition, the inhibitory effects of MEGR on the expression of METH-induced locomotor sensitization, but not the expression of CPP, were blocked by pretreatment with the selective GABAb receptor antagonist SCH50911.

Locomotor sensitization initially develops via the primary biological actions of acute METH. However, following repeated exposure to METH, this behavior is characteristic of various neural adaptations and more potent biological effects and plays a key role in the development of compulsive drug-seeking behaviors \[[@B21]\]. The expression of locomotor sensitization is markedly strengthened when tested in an environment (a cue or cues) that was previously associated with drug injections, because both the direct pharmacological action of METH and the learned associations with environmental cues contribute to the sensitization. As a result, interpretation of the effects of a particular medication on METH-induced locomotor sensitization becomes complicated \[[@B22]\]. To avoid this complication in the present study, METH and saline were administered unpaired with the locomotor testing box (the cue); thus, the pharmacological actions of repeated METH administration were uniquely responsible for the sensitization. This procedure appeared to be validated by the finding that repeated saline injections did not induce locomotor sensitization ([Figure 3](#fig3){ref-type="fig"}).

In the present study, the expression of repeated METH-induced locomotor sensitization was dose-dependently inhibited by MEGR (60 and 180 mg/kg/day), suggesting that MEGR exerts its preventative effects via blockade of the sensitizing pharmacological actions of METH. These data are compatible with previous studies showing that MEGR significantly inhibits acute cocaine-induced accumbal DA release via GABAb receptors \[[@B16]\] and acute METH-induced hyperlocomotion and accumbal DA synthesis \[[@B17]\], since the initial pharmacological effects of METH related to its rewarding properties are based on both the direct and indirect increases in accumbal DA. Additionally, the inhibitory effects of MEGR on the expression of METH-induced locomotor sensitization in the present study were blocked by the selective GABAb receptor antagonist SCH50911. Taken together, these results indicate that MEGR inhibits repeated METH-induced locomotor sensitization via GABAb receptors.

The CPP paradigm is another animal model widely used for measuring the rewarding effects of addictive drugs \[[@B23]\]. CPP is a form of classic Pavlovian conditioning in which a particular environment (an exteroceptive cue) is associated with METH exposure (an interoceptive cue). Therefore, the development and expression of CPP require the rewarding effects of METH in addition to the learned memory that associates METH with exteroceptive cues \[[@B24]\]. In the present CPP experiment, pretreatment with MEGR (180 mg/kg/day) almost completely abolished the development and expression of METH-induced CPP. Because the locomotor sensitization results demonstrated that MEGR can counteract the pharmacological action of METH related to reward, the inhibitory effects of MEGR on CPP may stem directly from its masking of interoceptive cues.

Meanwhile, in the experiment evaluating the effect of MEGR on the expression of METH-induced CPP, pretreatment with SCH50911 did not antagonize the inhibitory effects of MEGR on the expression of CPP, whereas in the locomotor sensitization model SCH50911 blocked the inhibitory effects of MEGR on the expression of pharmacological sensitization. This discrepancy implies that the inhibitory effects of MEGR on METH-induced CPP are mediated by both antagonizing the rewarding effects of METH and interfering with the association of interoceptive and exteroceptive cues, and that the latter is independent of the GABAb receptors. Taken together, these results suggest that MEGR effectively inhibits both the development and expression of METH-induced CPP and that the process may be mediated by blockade of the pharmacological actions of METH and/or the impedance of cue-associated learning and memory.

Metabotropic GABAb receptors are widely distributed throughout the brain and play a crucial role in regulating the reinforcing effects of psychostimulants \[[@B25]\]. The activation of GABAb receptors has an inhibitory effect on DA tone in both the VTA and NAcc. Baclofen, a GABAb receptor agonist, decreases cocaine-induced accumbal DA release \[[@B26]\], attenuates repeated cocaine-induced locomotor sensitization \[[@B27]\], and reduces cocaine and METH self-administration \[[@B28], [@B29]\]. Similarly, the suppressive effects of*G. radix* on acute cocaine-induced accumbal DA release are mediated via GABAb receptors \[[@B16]\]. The present study demonstrated that the effects of MEGR on repeated METH-induced locomotor sensitization were mediated through GABAb receptors, which indicates that this system may be an important pharmacological target for treating METH addiction. Additionally, the present findings indicate that MEGR inhibited METH-induced CPP by interfering with METH cue-associated memory, which is independent of GABAb receptors and implicates the involvement of other neurotransmitters. Given that glutamatergic receptors are critical in drug-cue associated memory processes \[[@B30]\] and that both isoliquiritigenin and glycyrrhizic acid antagonize the electrophysiological function of N-methyl-D-aspartate (NMDA) receptors to inhibit Ca2+ influx \[[@B31], [@B32]\], the glutamatergic system in the brain may be another important target for*G. radix* when treating METH addiction.

In summary, MEGR (60 or 180 mg/kg/day) dose-dependently attenuated the expression of METH-induced locomotor sensitization, and 180 mg/kg/day of MEGR blocked the development and expression of METH-induced CPP. Additionally, the effects of MEGR on locomotor sensitization, but not CPP expression, were abolished by pretreatment with the selective GABAb antagonist SCH50911. These data suggest that*G. radix* can block the development of METH dependence, which may be mediated by GABAb receptors.
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![The HPLC profiles of MEGR at 254 nm (liquiritigenin), 276 nm (glycyrrhizic acid), and 380 nm (isoliquiritigenin). Flow rate: 1.0 mL/min, column: Waters XTerrat RP18 (150 × 4.6 mm, 5 *μ*m).](ECAM2014-152063.001){#fig1}

![Time schedules for METH-induced locomotor sensitization and CPP. (a) Time schedule for locomotor sensitization: rats were treated with METH (1 mg/kg/day) for 6 consecutive days, subjected to 6 days of withdrawal, and then challenged with the same dose of METH to induce locomotor sensitization; during the withdrawal period, the rats were administered MEGR (60 or 180 mg/kg/day). (b) Time schedule for CPP: rats were treated with either METH or saline every other day for 6 days in METH-paired or saline-paired chambers, respectively, to induce CPP. These rats were also administered MEGR (180 mg/kg) prior to every METH or the CPP expression test.](ECAM2014-152063.002){#fig2}

![Effects of MEGR on METH-induced locomotor sensitization in rats. In this study, rats were given either saline or METH once a day for 6 days and then underwent 6 days of withdrawal; during the withdrawal period, either MEGR or DW was administered. The administration of METH over 6 consecutive days induced significant sensitization, which was attenuated by MEGR treatment. All data are expressed as means ± SEM (*n* = 7). MEGR: methanol extract of*G. radix*, DW: distilled water, S: saline, MEGR60: 60 mg/kg/day MEGR once a day for 6 consecutive days, MEGR180: 180 mg/kg/day MEGR once a day for 6 consecutive days, SCH: a single SCH50911 (3 mg/kg) treatment. ^\#\#^ *P* \< 0.01 versus a single METH group; ^\$\$^ *P* \< 0.01 versus S/DW/METH group; ^%^ *P* \< 0.05, ^%%%^ *P* \< 0.001 versus METH/DW/METH group; ^&^ *P* \< 0.05 versus METH/MEGR60/METH group (one-way ANOVA followed by Newman-Keuls post hoc test).](ECAM2014-152063.003){#fig3}

![Effects of MEGR on the development of METH-induced CPP in rats. In this study, rats were administered either METH or saline on alternating days for 6 days, and MEGR or DW was given 60 min prior to every METH or saline injection in the nonpreferred chamber. METH treatment for 3 nonconsecutive days elicited CPP for the METH-paired chamber, which was blocked by pretreatment with MEGR. All data are expressed as means ± SEM (*n* = 7). MEGR: methanol extract of*G. radix*, DW: distilled water, S: saline, MEGR180: 180 mg/kg/day MEGR. ~ ~ ^\#\#\#^ *P* \< 0.001 versus S/DW/S group; ^\$\$\$^ *P* \< 0.001 versus S/DW/METH group (one-way ANOVA followed by Newman-Keuls post hoc test).](ECAM2014-152063.004){#fig4}

![Effects of MEGR on the expression of METH-induced CPP in rats. In this study, rats were administered either METH or saline on alternating days for 6 days, and MEGR or DW was given 60 min prior to testing METH-induced CPP expression. METH treatment for 3 nonconsecutive days elicited CPP for the METH-paired chamber, which was blocked by pretreatment with MEGR. All data are expressed as means ± SEM (*n* = 7). MEGR: methanol extract of*G. radix*, DW: distilled water, S: saline, MEGR180: 180 mg/kg/day MEGR, SCH: a single SCH50911 (3 mg/kg) treatment, ~ ~ ^\#\#\#^ *P* \< 0.001 versus S/DW/S group; ^\$\$\$^ *P* \< 0.001 versus S/DW/METH group (one-way ANOVA followed by Newman-Keuls post hoc test).](ECAM2014-152063.005){#fig5}
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